Considering the fungicidal threat to the sustainable agro-environment, the toxicological impacts of three fungicides, namely kitazin, hexaconazole and carbendazim, on the biological, chemical and morphoanatomical changes of peas were assessed. Fungicide applications in general caused a slow but gradual reduction in growth, symbiosis and yields of peas, which, however, varied appreciably among species and concentrations of the three fungicides. Of the three fungicides, carbendazim had the most lethal effect, in which it delayed seed germination and also diminished the overall pea growth. Carbendazim at 3000 mg kg À1 maximally reduced the germination, SVI, size of roots and shoots and total dry matter accumulation in roots, shoots and whole plants distinctly by 40%, 84%, 72%, 73%, 68%, 75% and 73% (p # 0.05), respectively. Hexaconazole at 120 mg kg À1 significantly (p # 0.05) declined total chlorophyll, carotenoids, grain yields, grain protein, root P and shoot N by 19%, 28%, 46%, 69%, 48% and 51%, respectively, over the control. The synthesis of stress biomarkers and oxidative stress were increased with increasing dosage rates of fungicides. Proline content in roots, shoots, leaves and grains, MDA, electrolyte leakage and H 2 O 2 of plants grown in soil treated with 288 mg kg À1 kitazin were increased significantly (p # 0.05) by 73%, 52%, 41%, 24%, 59%, 40% and 27%, respectively, relative to the control.
Introduction
Pea (Pisum sativum L.) is one of the most widely cultivated crops and is grown both as a vegetable and as a pulse crop. Globally, it is grown in an area of 1.1 million ha with a total production of 9.2 million tonnes with a productivity of 8.35 tonnes per ha. 1 Nutritionally, it contains high concentrations of protein, carbohydrates, vitamins and minerals (Fe, Ca, K and P), which make peas a valuable human dietary component.
2 Also, due to low fats, sodium and cholesterols, it is used to prevent cardiovascular diseases. 3 When grown in different parts of the world, this crop faces many challenges from weeds and insects, 4 phytopathogens 5 and environmental variables. 6 Chief among these are the diseases caused by various phytopathogens that can lead to severe losses in crop yields.
5 So, to protect peas from fungal damage and consequently to maintain their nutritional composition, various synthetic fungicides, 7 for example, carbendazim, mancozeb, kitazin, hexaconazole, thiram, are applied indiscriminately in farming practices. 8 The majority of these fungicides when applied, however, persist in soil and become non-biodegradable. 9 Such fungicides in turn destruct the soil fertility, 10 leading eventually to losses in the growth, symbiotic attributes and yields of legumes.
11 Some fungicides even abolish nodulation and the N 2 -xation processes of several grains and forage legumes. For instance, hexaconazole, a broadspectrum systemic fungicide, is used to manage phytopathogenic fungi 12 on the one hand, while it negatively affects the BNF, ureide levels, N transformation and overall performance of leguminous plants on the other hand. 13, 14 Also, it decreases chlorophyll and carotenoid pigment formation by legumes, for example, Phaseolus vulgaris. 15 In yet another study, the fungicide pyrimorph has been found to strongly inhibit the electrontransport reactions of chloroplasts and thus damages the physiological machinery of whole plants. 16 These fungicides act as multiple site inhibitors and have various types of toxic action on cells, for example chelation and the formation of mixed disulde bonds transport across the membranes. Dialkyldithiocarbamates inhibit a widespread fungal enzyme, but the scheme of pyruvic dehydrogenase is predominantly delicate to such type of fungicides. 17 Also, these anti-fungal compounds are reported to increase the ratios of NAD and NADP, thus interfering with the electron-transport system (ETS) and increasing the ATP levels by inducing change in enzymes system, which results in the conservation of leaf and grain protein and chlorophyll in plants.
Additionally, the application of systemic fungicides, for example, benzimidazoles, triazole and dithiocarbamate have been reported to affect the effective quantum yield of PSII (FPSII) and the maximal quantum efficiency of PSII (F v /F m ) of plants. Since the growth and overall performance of plant vigour depends on photosynthesis to assimilate C, the impairment of photosynthesis will have destructive impacts on biomass production and thus concurrently on the yields of plants. Fungicides-induced toxicity to plants also generates oxidative stress and leads to the accumulation of reactive oxygen species (ROS). The ROS so deposited inside plant tissues in turn disrupt the membrane integrity, leading eventually to the leakage of electrolytes outside the cell. 18 Such a continued leakage of essential ions from inside to the exterior environment ultimately results in the death of plants. Taking into consideration the critical risks associated with the application of fungicides in legume production, the current study employed peas as a test crop with an aim to: (i) evaluate the biotoxic impact of kitazin, hexaconazole and carbendazim on the chemical and biological properties, and grain features, (ii) estimate the inuence of fungicides on symbiotic characteristics, photosynthetic pigments and nutrient uptake, (iii) assess the responses of fungicides on stress biomarkers, oxidative stress and antioxidant defence enzymes and (iv) estimate the deleterious impact of fungicides on leaf anatomy, structural distortion, cytotoxicity and cellular damage.
Materials and methods

Fungicide application and growth conditions
Vigorous and undeviating sized seeds of P. sativum (var. Arkil) obtained from local seed markets were surface sterilized with 70% ethanol for 3 min, followed by 4% sodium hypochlorite (3 min), and then washed repetitively six times with six changes of sterile water and nally dried at room temperature. Properly sterilized seeds (eight seeds per pot) were sown in earthen pots (22 cm ). The whole study was performed for two successive years and each individual experiment with identical/similar treatment was repeated for two consecutive years to validate the reproducibility and accuracy of the data.
Germination efficiency and seedling vigour index
Healthy seeds of P. sativum were surface sterilized using 3% (w/ v) sodium hypochlorite (NaOCl) for 3 min, followed by three successive washings with DW. Five days aer sowing (DAS), the radicle emergence of one millimetre was considered as a germinated seed and the germination percentage was calculated as:
germination% ¼ number of seeds germinated Â 100 total number of seeds
The percentage of germination was used further to calculate the seedling vigour index: Â % seed germination 2.3. Toxic impacts of fungicides on the biological parameters of P. sativum 2.3.1. Dry matter accumulation and estimation of the photosynthetic pigments. All plants (three plants) in one pot for each treatment were uprooted at 90 DAS, while six plants in the two remaining pots were uprooted at 130 DAS. The uprooted plants were carefully washed and oven-dried, and the dry matter was subsequently determined. Chlorophyll content was measured at 90 DAS according to the method of Arnon.
20 The pigments were extracted from fresh leaves by macerating in 80% acetone. Absorption of the chlorophyll and carotenoids present in the extract was determined using a UV visible spectrophotometer (UV-2450, Shimadzu, Tokyo, Japan). The total photosynthetic pigments (chl a, b and total chlorophyll) were calculated as: 22 Briey, fresh nodules were crushed with the help of a mortar and pestle in 5 mL sodium phosphate buffer (pH 7.4) and ltered through two layers of cheese cloth. The nodule debris was discarded. The turbid reddish-brown ltrate was claried by centrifugation at 10 000g for 30 min. The supernatant was diluted to 10 mL with sodium phosphate buffer (pH 7.4). The extract was divided equally into two glass tubes (5 mL per tube) and an equal amount of alkaline pyridine reagent was added to each tube. The haemachrome formed was read at 556 and 539 l aer adding a few crystals of potassium hexacyanoferrate (K 3 FeCN 6 ) and sodium dithionite (Na 2 S 2 O 4 ), respectively. The leghaemoglobin content was calculated using the formula:
The total P and N content in the roots and shoots of P. sativum removed at harvest (130 DAS) were measured by the method of Jackson 23 and Lindner, 24 respectively. Grain features, such as the formation of seeds (seed yield) and seed protein, 25 were estimated at harvest.
2.4.
Oxidative stress and antioxidant enzymes 2.4.1. Measurements of proline accumulation. The proline content in roots, shoots, leaves (at 90 DAS) and seeds (at harvest) of P. sativum grown both in fungicides-enriched and conventional soil (untreated) was determined by the method of Bates et al. 26 Briey, 1 g fresh plant organs were homogenized with 5 mL of 3% (w/v) aqueous sulfosalicylic acid (C 7 H 6 O 6 S). The resulting homogenate was ltered through Whatman No. 2 lter paper. The resulting cell extract was then centrifuged at 8000 rpm for 20 min to remove cell debris. The cell ltrate (2 mL) with free proline was treated with acid ninhydrin (2 mL) and glacial acetic acid (2 mL) at 80 C for 1 h. The reaction was terminated in an ice bath. Coloured complex was extracted in 4 mL toluene and absorbance was recorded at 520 nm. A proline standard was prepared by dissolving proline in 3% (w/v) sulfosalicylic acid. 2.4.2. Measurement of leaf electrolyte leakage, H 2 O 2 accumulation and MDA extraction. The total inorganic ions leaked out of the leaves were measured at 90 DAS by the method as described by Ismail and Hall.
27 First, 0.5 g of leaves were taken in a boiling test tube containing 10 mL of deionized water and the electrical conductivity (EC) was measured (EC a ). The contents were heated at 45 C and 55 C for 30 min each in a water bath and the EC was measured (EC b ). Later, the controls were boiled at 100 C for 10 min and the EC was again recorded (EC c ). The electrolyte leakage was calculated using the formula:
Hydrogen peroxide (H 2 O 2 ) accumulated within foliage tissues was determined at 90 DAS by the method of Patterson et al. 28 For this, 500 mg plant sample was homogenized in 3 mL of 50 mM phosphate buffer (pH 6.8). The homogenate was centrifuged at 6000 Â g for 25 min. A total of 3 mL extract was mixed with 0.1% titanium chloride prepared in 20% (v/v) H 2 SO 4 and the mixture was again centrifuged at 6000 Â g for 15 min. The absorbance of the colour was read at 410 nm. The H 2 O 2 content was computed on a fresh mass basis using a standard curve of known H 2 O 2 concentration.
Lipid peroxidation levels (MDA content) were assessed using malondialdehyde (MDA) according to the method described by Ahmed et al. 29 Fresh leaves (500 mg) were homogenized using a prechilled mortar and pestle with 10 mL 5% (w/v) trichloroacetic acid (TCA), and centrifuged at 12 000 Â g for 20 min at 4 C. The supernatant (2 mL) was added to a tube containing 2 mL 0.67% (w/v) TBA. This tube was heated in a water bath at 100 C for 30 min, rapidly cooled to 4 C in an ice bath and then centrifuged at 10 000 Â g for 10 min at 4 C. The absorbance of the supernatant was recorded at 532 nm and 600 nm. The MDA content was calculated using the extinction coefficient of 155
2.4.3. Extraction and determination of activities of antioxidant enzyme. Antioxidant enzymes, such as GPX, POD and APX, in the foliage tissues of P. sativum were determined at 90 DAS. For guaiacol peroxidase (GPX, E.C. 1.11.1.7), foliage tissues (100 mg) were homogenized in tris buffer and the homogenate was centrifuged at 12 000 rpm for 20 min at 4 C. GPX activity was determined in the enzyme extract according to the method of Zhang et al. 30 The increase in absorbance at 470 nm due to the formation of tetra guaiacol (3 ¼ 26.6 mM À1 cm À1 ) was expressed as mmol mg protein À1 min À1 . POD and APX activities were determined by the methods of Leonard et al. 31 and Hammerschmidt et al., 32 respectively.
Root tip distortion, intracellular root damage and cell viability
The toxic and damaging impact of fungicides on the root morphology of P. sativum plants grown on so agar plates for 7 days in the presence of 1000 mg mL À1 each of kitazin, hexaconazole and carbendazim was monitored under SEM (JSM 6510 LV, JEOL, Japan). Briey, root samples were washed three times with PBS, xed for 12 h in 2% (v/v) glutaraldehyde prepared in 0.1 M phosphate buffer (pH 7.0), washed three times with the same buffer and dehydrated in a graded series of ethanol (30%, 50%, 70%, 90% and 100%) at 4 C. Samples were dried in a critical point dryer (CPD), xed in gold stubs and nally viewed under SEM.
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To evaluate the damage caused by fungicides, the roots of P. sativum plants grown for 7 days on so agar plates amended with 0 (untreated control), 1Â, 2Â and 3Â concentrations each of kitazin, hexaconazole and carbendazim were used. Aer successive washing with PBS, the root samples were stained with a mixture of acridine orange (AO) and propidium iodide (PI) and mounted on a glass slide. The stained roots were observed for increasing dead tissues with progressively increasing fungicide concentrations under an LSM-780 Confocal Microscope (Zeiss, Germany). The loss of cell viability was determined using the Evans blue staining method as previously described by Shahid and Khan. 34 Briey, fungicide-treated roots were stained with Evans blue (0.25% w/ v) dye for 15 min and successively washed with distilled water for 30 min. Samples were then viewed under CLSM to assess cell death. The uorescence intensity of the root tip, meristematic zone and elongation zone were quantied using the Leica application suite (LASAF lite 2.6.0) soware. Five roots per treatment (n ¼ 5) were taken for analysis and the intensity counts, averaged and presented as the mean AE S.D. as a function of fungicide concentration. Three channels for a single region of interest (ROI) were measured using an inbuilt histogram tool of LASAF lite and the mean intensity curves were plotted for three distinctive zones of roots.
Statistical analysis
All experiments were performed in a randomized design with three replicates (n ¼ 3) of each individual treatment for two consecutive years. The two-year data obtained for P. sativum plants were pooled and the mean separation within columns was analyzed. All data represented are the mean AE standard deviation (SD) of three replicates (n ¼ 3) of each treatment. Different letters show a signicant difference between treatments at p # 0.05. Also, the least signicant difference (LSD) among the treatment means was calculated by two-way ANOVA (analysis of variance) at p # 0.05 using the Minitab 17 statistical program.
Results and discussion
Seed germination and vigour index
Germination is indeed a vital phenomenon during the life cycle of any plant. Hence, seed germination and the seedling vigour index are considered the most signicant physiognomies of the seeds to be used for cultivation. Seeds that germinate rapidly and vigorously in favourable conditions under controlled environments are likely to produce vigorous seedlings in elds also. In this study, the germination efficiency of P. sativum seeds sown in soils treated differently with varying doses of fungicides differed appreciably (Fig. 1A ). Seeds were sown in controlled conditions (untreated) germinated to the maximum level of 95%. Among the normal, double-and three-times concentrations of fungicides, the three times more doses each of kitazin, hexaconazole and carbendazim in general caused a maximum decrease in seed germination and SVI. For example, kitazin (288 mg kg À1 ), hexaconazole (120 mg kg À1 ) and carbendazim (3000 mg kg À1 ) signicantly (p # 0.05) reduced the seed germination efficiency by 15%, 20% and 40%, whereas the SVI was reduced signicantly (p # 0.05) by 54%, 62% and 84%, respectively, in comparison to the untreated control (Fig. 1B) . The performance of some pesticides particularly systemic fungicides in a soil system shows that higher concentrations of fungicides require more time to degrade and hence are reported to show that the higher (3Â) dose of fungicides have harmful effects on seed germination, SVI and other plant parameters. Similarly, the toxic and depressive effect of glyphosate on the germination efficiency of Dimorphandra wilsonii, a member of the Fabaceae family, has recently been reported. 3.2. Biological characteristics of P. sativum under the inuence of fungicides 3.2.1. Length, dry biomass and photosynthetic pigments. The impact of different concentrations of kitazin, hexaconazole and carbendazim on the bio-features of P. sativum was variable (Fig. 1) . The harshness of fungicides was moderately lower at 1Â and 2Â concentrations of each fungicide. However, at the highest concentrations (3Â), even though the lethality was more pronounced, the toxicity to the measured parameters decreased with the advancing age of plants. For instance, the root length was decreased signicantly (p # 0.05) by 46%, 49% and 69% when pea plants were grown with 288 mg kg À1 kitazin, 120 mg kg À1 hexaconazole and 3000 mg kg À1 carbendazim, respectively, over the untreated control at 90 DAS (Fig. 1C) . Whereas, at 130 DAS, the root length declined by 27%, 12% and 56% over the control at the same rate of kitazin, hexaconazole and carbendazim, respectively. Among all fungicides, the three times greater concentration of carbendazim had the most lethal impact on the measured parameters compared to hexaconazole (at 120 mg kg À1 ) and kitazin (at 288 mg kg À1 ). Similarly, dry matter production declined progressively with consistently increasing concentrations of fungicides. For example, a maximum reduction of 73% (at 90 DAS) and 70% (130 DAS) in the dry biomass of P. sativum was observed at a three times greater concentration of carbendazim relative to the untreated control. A trend similar to carbendazim was observed for hexaconazole and kitazin. While comparing the dry matter accumulation in shoot tissues, the maximum (69%) and minimum (13%) decrease in shoot dry biomass was observed at 3000 mg kg À1 of carbendazim and 40 mg kg À1 of hexaconazole, respectively, over the untreated control ( Fig. 1E and F) . The drop in dry biomass of pea crops upon the application of fungicide may probably be due to the modication/inhibition of several enzymes involved in the growth, development, physiology and metabolic activities of plants. In a similar study, the phytotoxic impact of higher doses of pesticide on the biological parameters of Lupinus was reported. 36 The uptake of fungicides by plants occurs primarily through the root systems from where they are translocated to aerial organs, such as leaves and fruits. Once taken up by roots, these fungicides are translocated to the shoots either through xylem or phloem, or in roots via the phloem alone. Following the pesticide uptake, there could be an undeniable reduction in the growth of various plant organs. Another reason for the reduction in the growth of plants may probably be the unavailability of humic acids, fulvic acids, organic and inorganic matter present in the soil system due to the interruption of fungicides.
Photoreceptor pigments (chlorophylls and carotenoids) play an important role in the formation of organic molecules, such as carbohydrates and proteins. 37 Under abiotic stress conditions, the chlorophyll content and other photosynthetic pigments of plants, however, generally decreases. 38 In our study, the photosynthetic pigments in the fresh foliage of P. sativum declined constantly with an independent increase in fungicide concentration (Fig. 2) . A steady decline in the photosynthetic pigments was recorded as the concentration of each pesticide increased. Among fungicides, the three times greater rate of carbendazim decreased the chl a, b, total chl and carotenoid contents maximally by 35%, 42%, 32% and 38%, respectively. Similarly, other fungicides had a destructive impact on the measured photosynthetic pigments of pea plants. Likewise, the carotenoid contents in the fresh foliage of P. sativum plants grown with 288, 120 and 3000 mg kg À1 kitazin, hexaconazole and carbendazim were diminished by 16%, 28% and 38%, respectively, with respect to the control. In an identical experiment, Mourad et al. 15 reported that the application of systemic fungicide hexaconazole decreased the chlorophyll and carotenoid pigments of Phaseolus vulgaris. Pesticides, including fungicides, adversely affect the metabolic enzymes involved in chlorophyll/carotenoid synthesis. Therefore, it seems probable that the fungicides used in this study might have inhibited the functioning of the enzymes of the photosynthetic carbon reduction (PCSR) cycle, such as Rubisco, 3PGA kinase, NADP, NAD-glyceraldehyde-3-P dehydrogenase and aldolase. Additionally, in a nding, Parween et al. 39 described that Vigna radiata L. under the inuence of pesticide displayed a decline in the growth attributes with increasing concentration, showing a reduction in the number and area of the leaf, which might be due to hinderance in the translocation of the photosynthetic rate and the reduction in chlorophyll content. The investigation of numerous photosynthetic pigments and uorescence parameters of plants raised in fungicides-stressed environments 40 validated that the light reactions of photosynthesis are also very sensitive to the exposure of these chemicals.
3.2.2. Symbiotic attributes, grain features and nutritional content. The symbiotic attributes, such as nodule number, nodule dry biomass and leghaemoglobin (LHb) content, in fresh nodules, recovered from P. sativum plants uprooted at 90 and 130 DAS, declined continually with an independent increase in fungicide concentrations (Fig. 3E and F) . For instance, compared to the untreated control, the nodule number, nodule biomass and LHb contents measured at 90 DAS decreased by 51%, 50% and 38%, respectively, at 120 mg kg À1 concentration of hexaconazole, respectively (Fig. 3F) ; whereas, signicant (p # 0.05) declines of 77%, 65% and 69%, were observed in the nodule number, nodule biomass and LHb content, respectively, in carbendazim (3000 mg kg À1 )-treated plants over the control. Similarly, a reduction in the symbiotic attributes of herbicides-treated greengram plants has recently been reported. 41 The deleterious impact of fungicides on the symbiotic parameters might be due to the deterioration of growth regulatory enzymes involved in the progression and improvements of legumes or due to the distraction of signalling between phyto-chemicals, for instance, luteolin, apigenin and Nod D receptors, which are the principal components for the initiation of nodule formation and nitrogen xation.
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The impact of varying concentrations of kitazin, hexaconazole and carbendazim on the quantity and quality of grains of P. sativum plants was, however, inconsistent. The seed yield (SY) and grain protein (GP) of P. sativum estimated at harvest decreased gradually with the dose-dependent increase in fungicides (Fig. 3C and D) . As an example, 192, 80 and 2000 mg kg À1 kitazin, hexaconazole and carbendazim signicantly (p # 0.05) declined the SY of P. sativum by 26%, 27% and 52%, respectively, over the untreated control. Like SY, a maximum reduction in GP was also observed at the highest test concentration of each fungicide. As an example, a maximum decline of 39% in GP was recorded when P. sativum was raised in the presence of 1000 mg kg À1 of carbendazim over the untreated control. Two-way ANOVA signicantly (p # 0.05) showed the statistical effect of the untreated control and fungicides (untreated control Â fungicides) on the measured parameters. The deleterious impact of the fungicides on the seed features could be attributed to the uptake and translocation of fungicides even within the edible parts of the plants. The accumulation of fungicides within grains of legumes could thus be a major human health concern. Hence, it requires attention to nd ways as to how the toxicity of fungicides and their consequential deposition within grains can be avoided. Furthermore, the total P and N content inside the plant organs (roots and shoots) also declined following the fungicide application. A dependable decrease in P and N content within the shoots and roots was recorded ( Fig. 3A and B) . The root P, shoot P, root N and shoot N decreased by 29%, 28%, 21% and 26%, respectively, when P. sativum plants were grown at 196 mg kg À1 kitazin over the untreated control. Also, hexaconazole and carbendazim when applied at the three times dose rate reduced the root P, shoot P, root N and shoot N by 64%, 48%, 31% and 50%, respectively, over the control (Fig. 3A and B) . The results obtained here indicated that each concentration of fungicides enhanced the P and N content in the shoots compared to those recorded for roots, which could possibly be due to rapid translocation of nutrients from the roots to shoots during the vegetative growth of P. sativum. Various mechanisms have been proposed to clarify the mechanism leading to the biochemical changes brought about by fungicides, which result in the change of nutritive composition. For example, the growth of plants is affected by an osmotic shock effect of systemic fungicides, which causes a release of structural protein and loss of transportability in the cells. Also, the possibility of the inhibition of protein synthesis and a decrease in carbohydrate content cannot be ruled out. Earlier studies suggested that toxicants produced by pesticides, including fungicides application, retarded the protein and carbohydrate synthesis by inducing an alteration in cytochrome oxidase activity, blocking alternative respiratory pathways and an accumulation of succinate. 3.2.3. Proline and malondialdehyde (MDA) content. Proline (water-soluble amino acid) produced by plants under harsh environments is considered an important biomolecule that protects membranes from the destructive effects of stressors by acting as a scavenger. Additionally, it also acts as a compatible osmolyte and hence can help to store C and N. Besides these, proline can be a ROS scavenger, function as molecular chaperone stabilizing structure of proteins and help to maintain cytosolic pH and to balance the redox status of cells. Hence, the increase in free cellular proteins secreted under variable environmental stresses has been reported to play multifarious defensive roles in the majority of plant species.
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Considering the importance of proline in plants' defence under stressed environments and the lack of information available on proline extracted from this plant, the proline secreting ability of pea grown under fungicide stress was tested. Here, we observed a substantial accumulation of proline in different organs of P. sativum plants grown under different fungicide regimes. The results of this study represent a direct and positive relationship between the rates of fungicides added to soil and the proline level synthesized by different organs of pea. Expectedly, the concentration of proline in roots, shoots and leaves measured at 90 DAS and those in grains detected at 130 DAS increased progressively with enhancing the concentrations of each fungicide (Fig. 4) . A maximum of 44.8 (62% increase), 61.4 (67% increase), 49.7 (65% increase) and 27 mg g À1 fresh weight (53% increase) of proline was found in roots, shoots, leaves and grains, respectively, of plants grown at 3000 mg kg À1 of carbendazim. Similarly, hexaconazole at 120 mg kg À1 and 296 mg kg À1 kitazin increased the proline content in shoots maximally by 56% and 52%, while it was 76 and 73%, in roots, respectively, over the untreated control ( Fig. 4D and E) . Organ wise, the proline concentration was recorded more in shoots than in the other organs of pea plants. The increase in the level of proline is interesting because this is likely to protect the pea plants from the harmful effects of fungicides and oxidative stress and its increased level suggests that stressor molecules, for example fungicides here, probably have an inducible effect on proline synthesis. In a similar study, a concentration-dependent increase in proline content in various organs of Cicer arietinum plants grown under a herbicide-stressed environment has recently been reported. 44 Since, lipid peroxidation is believed to act as a biomarker for oxidative stress, the assessment of MDA content in plants is inevitable. Malondialdehyde (MDA), synthesized in plants, is a decomposition product of the polyunsaturated fatty acid component of membrane lipid. It has a potential role in damaging the cell membrane of plants. 45 As a substitute of ROS, the other products of stress include thiobarbituric acid reactive species (TBARS), which are measured as malondialdehyde (MDA). Therefore, the degradation of cellular membrane and other lipid structures that yield by-products causing DNA damage was assayed by measuring the level of MDA in pea plants. Therefore, the MDA content in foliage was assayed and found to signicantly (p # 0.05) increase with increasing concentrations of fungicides. Carbendazim, among the fungicides tested, produced the maximum amount (13.1 mmol g À1 fw)
of MDA at 3000 mg kg À1 , which was calculated as an increase of 84% over the control. Similarly, an enhancement of 60% and 69% in MDA content was observed at 288 mg kg À1 kitazin and 120 mg kg À1 hexaconazole, respectively, as compared to the untreated control. The increased level of MDA content with increasing concentrations of each selected fungicides conrmed the increased lipid peroxidation within the membranes of cell organelles due to the severity of stressor molecules, which may be associated with the decreased metabolic activity of essential enzymes and proteins that are essential for the growth and development of plants.
In a similar investigation, Li et al. 46 reported a substantial increase in MDA content of two cultivars of kidney bean under cadmium stress. 48 H 2 O 2 is a component of oxidative breakdown and is itself a toxic ROS that demonstrates damaging effects. It has been reported to interrupt metabolism, causes a loss of cellular integrity and oxidative damage and decreases cell membrane stability. 49, 50 Changes in H 2 O 2 levels in tissues can serve as a good indicator of the membrane structural integrity of plants exposed to stressed environments. The present study demonstrated that fungicide treatments badly affected the stress biomarkers (H 2 O 2 content and electrolyte leakage) and signicantly (p # 0.05) enhanced their concentration with increasing fungicide dosage rates. The varying concentrations of kitazin, hexaconazole and carbendazim exhibited a signicant and noticeable increase in leaf electrolyte leakage and maximum increases of 40%, 48% and 54% were recorded at 3Â doses of each fungicide, respectively, over the untreated control (Fig. 5A) . In agreement to this study, an increase in leaf electrolyte leakage of glyphosate-treated P. sativum plants has previously been described. Likewise, there was a substantial/signicant (p # 0.05) accumulation of H 2 O 2 in root the tissues of P. sativum grown in soils treated with fungicides. For instance, a maximum increase of 42%, 31% and 26% in H 2 O 2 concentration in plants was found at 3000, 120 and 288 mg kg À1 of carbendazim, hexaconazole and kitazin, respectively, over the untreated control. A similar increase in H 2 O 2 accumulation in pesticide-treated seedlings of S. lycopersicum has recently been recorded.
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Reactive oxygen species (ROS) are yet another highly reactive molecule that can damage biomolecules, such as lipids, proteins and nucleic acids. 52 Reactive oxygen species is a combined term that comprises both oxygen radicals, such as , that can be converted easily to into radicals. Once lipid radicals are produced, they combine with oxygen dissolved in the membranes and form peroxyl radicals, which can attack membrane proteins and adjacent polyunsaturated fatty acid, propagating membrane lipid peroxidation. Mechanistically, fungicides at higher concentrations generate the maximum amounts of ROS, which in effect cause oxidative damage at the cellular level.
To minimize the effect of oxidative stress, plants have evolved efficient antioxidant systems to protect them from shocking effects. SOD, CAT, APX, GPX and GR are some of the most common ROS scavenging enzymes secreted by various cell organelles, such as chloroplast and mitochondria. and H 2 O and additionally reduce $OH radical, while POD acts as a scavenger of ROS. In our study, the level of antioxidant enzymes (POD, APX and GPX) extracted from P. sativum foliage improved markedly with increasing the concentration of fungicides. The POD, APX and GPX activity were recorded to be at a maximum in 3000 mg kg À1 carbendazim-treated plants, which were increased by 28%, 29% and 37%, respectively, compared to the untreated control (Fig. 5B ). Hexaconazole at 120 mg kg À1 boosted the POD, APX and GPX activity by 20%, 16% and 24%, while kitazin at 300 mg kg À1 enhanced the activities of these enzymes by 16%, 20% and 28%, respectively, over the control. Conclusively, the data obtained in the present study conrmed a positive co-relationship (r ¼ 0.79) between the added fungicide doses and activities of the antioxidant defence enzymes. A similar generation of ROS and increased antioxidant enzyme activity under consistently enhancing abiotic stress conditions (such as pesticides and heavy metals) have been reported in different organs of many plants, 54 including those of legumes. Since the selected fungicides conrmed the toxicity and suppressed the growth of P. sativum, it was decided to further assess the damaging/destructive effect of such fungicides on the morphology of water/nutrient absorbing organ (root tips) of pea plants employing SEM while growing the plants under kitazin-, hexaconazole-and carbendazim-treated soils (Fig. 6) . The inhibitory effect of these fungicides to roots was more distinct at the radical regions of growing plants. Application of the fungicides showed a signicant aberration, ssures, crumble, fracture and spikes on the root surface (Fig. 6B-D) compared to a clear, smooth and intact untreated root surface (Fig. 6A) . The destruction of the root surface further validated the inhibitory potential of fungicides, which in turn might have impaired/ impeded the uptake of water and other essential macro-and micro-nutrients from soils causing improper/altered root growth. Similarly, Shahid et al. 41 observed a signicant damage in the morphological structure of roots of greengram plants grown under herbicide-stressed conditions. These anti-fungal compounds, for example, carbendazim, benzimidazoles benomyl and phenyl carbamate, unambiguously precisely bind to structural protein and their subunits (tubulin) and restrict the establishment of microtubule formation, which is considered as one of the principal components in variable cellular processes and cell shape maintenance.
The cell membrane is yet another important organelle that is selectively permeable and that controls the transport of ions and molecules and allows cells to interact with the surrounding environment. To better understand the impact of fungicides on the membrane, the integrity of the membranes is visualized. To this end, CLSM has been found to be the most delicate and reliable technique to obtain a 3D image of the basic architecture of the tissues. 56 So, acridine orange (AO) and propidium iodide (PI) were used in this study to discriminate between viable/ healthy and stable cells and cells with a ruptured/broken membrane of P. sativum root tissues exposed to variable doses of kitazin, hexaconazole and carbendazim. It is well known that PI is a small hydrophilic molecule, which is impermeable to the membrane of viable cells and therefore, is rejected by living/ viable cells but penetrates the membrane of dead cells with damaged membranes, whereby it interpolates the ds DNA and emits red uorescence. Remarkably, a dose-dependent increase in the number of dead cells was observed in roots treated with various concentrations of kitazin, hexaconazole and carbendazim as compared with the untreated control (Fig. 7.1) . The cellular damage caused due to the fungicides was clearly visible in the uorescent micrograph and the intensity of red uores-cence emitted by PI increased continuously with increasing concentrations of fungicides. In order to quantify the cellular damage induced by fungicides, the red uorescence of PI in membrane-altered cells was determined ( Fig. 7.1 ). Compared to the uorescence of PI in control roots, fungicides at 1Â, 2Â and 3Â dosage rates showed the following increases: 1.6-, 3.86-, 5.46-fold for kitazin; 1.72-, 5.2-, 9.3-fold for hexaconazole; and 1.2-, 6.5-, 12.12-fold for carbendazim. These results unequivocally suggested that the dose-dependent toxic action of fungicides was facilitated by the ROS-mediated destruction of membrane lipids, which consequently increased the Fig. 7 (1) The Z-stack image analysis of propidium iodide (PI) and acridine orange (AO) stained roots of P. sativum by using CLSM representing the oxidative stress and cellular damage induced by fungicides. Images reveal an increase in red/orange fluorescence as the concentrations of fungicides increases. Panel (2) depicts the cytotoxicity (Evans blue dye exclusion assay) assay; figures shows the uptake of Evans blue dye by root cells; (A-C) untreated control root showing no blue colour, while roots treated with various doses of kitazin (A1-A3), hexaconazole (B1-B3) and carbendazim (C1-C3) show the uptake of dye. As the conc. of fungicides increased, the intensity of blue fluorescence increased. Vertical bars represent the quantification of the emission of fluorescence using software equipped with CLSM after treating the plant roots with fungicides. uorescence of PI bound to the DNA of cells with damaged cell membranes. The increasing cellular damage signied the enhanced oxidative stress in P. sativum plants under the inu-ence of fungicides. These results clearly suggested that fungicide exposure was arbitrated by ROS-mediated damage to membrane lipids, which therefore increased the uorescence of DNA-bound propidium iodide in membrane-compromised cells. In accordance with this nding, Grossmann et al.
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recently reported the imaging of living plant cells using CLSM.
The results obtained in this study henceforth conrmed the fact that the most decisive target of fungicides was the cell membrane as also reported for other stressor molecules by Ghezzi et al.
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The loss/damage of plasma membrane in the root tissues of P. sativum under varying concentrations of fungicides was evident when the roots were stained with Evans blue dye. As the dose of fungicides increased, the uptake of dye by the root tissues increased 3-4-fold, resulting in losses in the integrity of the plasma membrane. As an example, P. sativum roots treated with 3Â concentrations each of kitazin, hexaconazole and carbendazim demonstrated an increased intensity of uorescence of blue colour compared to untreated roots. On the other hand, untreated roots did not take up the dye and hence, the root periphery remained smooth, signifying an improved and functional plasma membrane integrity ( Fig. 7.2) . In quantitative determination, a sharp increase in Evans blue uorescence was recorded in the following order: 1.69-, 2.75-, 5.08-fold for kitazin; 1.19-, 3.16-, 5.77-fold for hexaconazole; and 2.36-, 5.57-, 9.11-fold for carbendazim. This is a clear reection of the penetration of Evans blue into non-viable cells. These results suggest that, upon exposure to fungicides, root cells lost their capability of repair and therefore were stained blue. These ndings further affirmed that selected fungicides while acting on roots may rupture the cells, leading eventually to the cell death. There are several mechanisms that have been proposed by meticulous scientists about how the higher rates of fungicides retard the physiological and biochemical processes of the plants and which could provide further insights into growth retardation and cyto-killing as occurred in the present study. For illustration, the presence of fungicide residues (solutes) in soil distresses the buffering capacity of soil and the thermodynamic activity of water along with essential nutrients in the surrounding soil. The presence of fungicides residues and other pollutants in soil tends to decrease the uptake of water along with nutrients as pesticides residue when contacting soil particles gets attached, thus affecting the nutrient uptake from the soil to the root. The presence of pesticides residues might affect the micronutrient transport system and plasma membrane of the root cells, which in turn disturbs the uptake of cations Fig. 8 .
Conclusion
The fungicides used in this study exhibited a negative impact on various biological characteristics of P. sativum plants. Stress induced by fungicides caused a series of systematic changes in physiology, anatomy, cytotoxicity, cellular damage and a distortion in the root morphology of plants, as revealed under SEM and CLSM. Furthermore, the formation of photosynthetic pigments, nutrient uptake and grain production was severely hindered under fungicide stress. Also, stomatal behaviour and morpho-anatomical alterations in pea foliage were clearly visible under SEM/CLSM. The accumulation of H 2 O 2 , leaf electrolyte leakage, generation of proline, synthesis of MDA and production of antioxidant defence enzymes on the contrary was indeed encouraging features and were enhanced gradually with increasing the dosages of the fungicides. The heightened concentrations of such active biomolecules can likely assist peas to overcome fungicidal toxicity while growing under fungicides-polluted soils. Conclusively, even though this wellorganized and massive study provided enough quality information to better understand the ner details of the mechanistic basis of fungicide toxicity towards legumes in general and peas in particular, extensive and inappropriate fungicide application in pulse production practices without an accurate understanding of the fungicides-legume interactions must be avoided so that the quality of pulses will be protected from the toxicity of fungicides.
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